Adaptive neurofuzzy inference system (ANFIS) is investigated to optimize the configuration of anode shape in plasma focus devices to achieve the highest X-ray yield. Variables of discharge voltage, filling gas pressure, and angles of anode slopes (Φ 1 and Φ 2 ) are chosen as input parameters, while the output is designated to be the radiated hard X-ray intensity. The trained ANFIS has achieved good agreement with the experimental results and has mean relative error percentages (MRE%) 1.12% and 2.18% for training and testing data, respectively. The study demonstrates that adaptive neurofuzzy inference system is useful, reliable, and low-cost way to interpret the highest X-ray yield and corresponding anode configuration in plasma focus devices.
Introduction
Plasma foci are generally known as efficient, nonexpensive source of various pulsed radiations of high intensity including X-rays [1, 2] , ions [3] , electrons [4] , and neutrons [5] . The onset of radiations coincides with compression of filling gas into pinched plasma which is observed by significant fall in the current signal. Occurrence of instabilities, which compress plasma volume, leads to induced electric field and local micron-sized plasma regions (hot spots) of high density and temperature. Apart from possibility of fusion reactions in the case of deuterium plasma, hot spots are identified as sources of intense X-ray emission as well as ion beams and pulsed electrons [6, 7] . Accelerated electrons often have high energies in excess of the quantity which would be imparted on by the applied voltage. Electron beams mainly hit the central metallic electrode and slightly the chamber's wall emitting braking X-ray radiation of extensive continuous spectrum from soft up to hard X-ray on which characteristic lines represent the anode's material mount.
Various applications have been exploited from plasma foci's radiations especially due to characteristics of reproducibility, compact size, and cheapness. Ion beams of desired gas are generally used for surface treatments [8, 9] as well as neutron beams for neutronic detection of hydrogen in samples [10, 11] and lithography by means of electron beams [12, 13] . X-rays, in particular, have extensive applications such as X-ray microscopy, X-ray lithography, micromachining, radiography, and material synthesis [14] [15] [16] [17] [18] [19] [20] [21] . Radiography of the biological samples and X-ray imaging of moving metallic objects are two of the most noticeable applications of radiated hard X-ray in PF devices. HXR radiography of the biological samples [18, 22] which needs inevitable source characteristics, that is, intense emission through small dimension source and short exposure of time, is well fulfilled in PF devices. Moreover, extremely short duration of the X-ray emission (exposure time of about 50 ns) together with the degree of penetration contributes to producing high quality X-ray images of moving metallic objects [23] .
All PF devices, which were first constructed in two slightly different designs [24, 25] , almost have focused plasma 2 Journal of Experimental Physics characteristics in common. However, focused plasma and resulting beams are highly affected by basic design parameters, such as dimensions and appropriate capacitor bank, electrodes, and chamber materials, as well as working conditions of operating phase such as mixture and pressure of filling gas. Comprehensive investigations have been devoted to study and optimize PF device emissions among which anode tip configuration is one of the highly effective ones [26, 27] . Most of performed studies have shown that modified anode tips, in which the anode diameter reduces at the end, are capable of increasing the X-ray yield about orders of magnitude. The modified anode tips enhance X-ray emission through significant increase in radiation time which resulted from consistent transition of current sheath from axial acceleration phase to radial implosion phase. Moreover, these configurations enhance changes in plasma column inductance which accelerate electron beams toward the anode end. The effects of modified anode tips configurations on current sheath motion can be found in [28] in detail. Although most of the investigations agree that the conical-based anode tips would be the best configuration for increasing emission yields, there has been no idea for the exact geometry which would lead to the highest X-ray yield thus far.
In this research, knowing the fact that the X-ray intensity varies by the anode shape, we focused our attention to find out the best configuration of the conical anode to achieve the highest hard X-ray yield. For this purpose, anode configuration is designed by two angles of Φ 1 and Φ 2 representing the height and degree of slope. The variables of Φ 1 and Φ 2 are assumed as input parameters of ANFIS together with discharge voltage and filling gas pressure; hence, the results of ANFIS obtain the highest HXR yield which is desirable for relative applications.
Experimental Setup and Diagnostics
The primary experimental tests are carried out by APF device [29] which is powered by a single 0 = 15kV, 0 = 40 F, and 0 = 30 nH capacitor with a total inductance of 110 nH. The inner electrode is a copper cylinder with a diameter and length of 20 and 148 mm, respectively. The outer electrodes, which are composed of six copper rods, are designed with inner diameter of 44 mm. Furthermore, electrodes are separated by a Pyrex tube of 48 mm length. The schematic of APF facility and assembled diagnostics is shown in Figure 1 .
A Rogowski coil was used to record the current waveform and to ensure efficient energy transfer. The typical peak current and rise time of APF facility are shown in Figure 2 . A fast plastic scintillation detector (NE102A, a 5 cm long, 5 cm diameter cylinder), coupled with a high gain photomultiplier tube (PM-53) biased at −1.2 kV, located at a distance of 1 m from the window is used for the time resolved HXR measurement, while the photon's transition threshold of the glass window is about 20 keV. The typical recorded signal is also shown in Figure 3 .
Primary experimental materials on HXR intensities are obtained by assembling three configurations of anode tips. Tested configurations are cylindrical with flat top (Φ 1 = Φ 2 = 90 ∘ ) and two conical anodes with different slopes (Φ 1 = Φ 2 = 79.7 ∘ and Φ 1 = 90, Φ 2 = 84.28 ∘ ) which are shown, respectively, in Figure 4 from left to right. It should also be mentioned that while the total length of the anode is 14.8 cm, the variable length of all tips is 3.3 cm.
The experiments were done using nitrogen gas, scanning all practical pressures, while each pressure is tested successfully for 5 times. Averaged areas under the recorded scintillator signals between shots are represented as hard X-ray intensity to consider both time and voltage expansions. The peak detection and integration of the data were performed by using the SAP-ALCOR 9.20 software which has been developed in AmirKabir Fusion Laboratory [30] . The typical results of HXR measurement in discharge voltage of 11 kV are shown in Figure 5 .
Optimization Approach
Adaptive neurofuzzy inference system (ANFIS) is a multilayer feed-forward network, which uses artificial neural network (ANN) learning algorithms and fuzzy inference system (FIS) reasoning to map an input space to an output space [31] . The accurate method based on ANFIS is presented in order to achieve the highest X-ray yield in plasma focus device. The ANFIS structure of calculation is shown in Figure 6 , where the inputs are discharge voltage (kilo Volt), working gas pressure (Torr), and anode design slopes of Φ 1 and Φ 2 (degree), while the output is assigned to be hard Xray intensity (Volt × second).
Description of the layers in the proposed ANFIS model is defined as follows [32, 33] . 
Gaussian membership function is a typical membership function and is given by · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · N Σ Hard X-ray where and are called premise parameters (nonlinear parameters). 
Layer 4. The output of this layer is given by
where , , , , and are called consequent parameters (linear parameters).
Layer 5. The output of this layer is given by
The data sets required for training and testing the proposed ANFIS model were extracted from experimental materials. The whole data sets consisting of 75 data points were divided into two parts randomly which are (1) a training or calibration set consisting of 52 data points (about 70%) and (2) a validation or testing set consisting of 23 data points (about 30%). Behavior of the system is recognized from the training set and validation of the behavior is examined using testing set. Consequently, the training set must be greater than testing one since there is necessity to use more data in order to train the network. In this study, different ANFIS structures were tested to obtain the best ANFIS configuration. Table 1 shows the specification of the best proposed ANFIS.
Results and Discussion
The comparisons between the experimental and interpreted results using the proposed ANFIS network, for training and testing data, are shown in Figures 7(a) and 7(b) , respectively. have been recorded in the laboratory. On the other hand, the interpreted values are those which have been generated by the ANFIS network. Each correspondent pair of these two values produces a blue star which can be seen in the diagram. More alighnment of stars with the regrassion diagram ( = ), denotes more precision of calculations. According to the definition, the network errors are described by difference between experimental and interpreted values or distance from the regression diagram ( = ). As Figure 7 shows, the proposed ANFIS network has achieved good agreement with the experimental results. Table 2 shows the comparison between experimental and interpreted results for testing data. Table 3 shows the obtained errors for the ANFIS, where the mean relative error percentage (MRE%), the mean absolute error (MAE), the root mean square error (RMSE), and the correlation factor (CF) of the ANFIS are calculated by (7) , where is the number of data and " (Exp)" and " (Intp)" stand for experimental and interpreted values, respectively:
Examining Table 2 and Figure 7 indicates the high proximity between interpreted and experimental results for HXR radiation which assure the capability of proposed ANFIS network as an accurate, reliable method to interpret radiated HXR in PF devices.
To find out the best configuration in each pressure, Figure 8 is presented in which pressure varies from 3 up to 6 mbar, respectively, while the HXR values are calculated by ANFIS network. Hence, the maximum HXR intensities are derived to be −2.04 × 10 −7 , −3 × 10 −7 , −2.85 × 10 −7 , and −2.13×10 −7 (V⋅s), respectively, in (Φ 2 , Φ 1 ) = (81.3, 81.2), (79.3, 79.2), (87.1, 73.2), and (79.8, 79.7). From these results, it is clear that ANFIS network can be used as an accurate method to calculate the highest X-ray yield in plasma focus devices.
Conclusion
This paper proposes an adaptive neurofuzzy inference system to optimize the design of conical-based anode tips in plasma focus devices to achieve the highest X-ray yield. Comparison between experimental and interpreted results using ANFIS verifies the validity of network to determine the best configurations in which the HXR yield is maximized. In this case, the highest yield is calculated in (Φ 2 , Φ 1 ) = (79.3, 79.2) of anode configuration at pressure of 4 mbar. Moreover, the application of this simulation can be tested in other cases in which plasma foci are used as electron, ion, or neutron source by defining related output parameter and testing finite experimental data.
